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Abstract
Recent direct experimental observation of multiple highly-dispersive C60 valence bands has al-
lowed for a detailed analysis of the unique photoemission traits of these features through photon
energy- and polarization-dependent measurements. Previously obscured dispersions and strong
photoemission traits are now revealed by specific light polarizations. The observed intensity ef-
fects prove the locking in place of the C60 molecules at low temperatures and the existence of
an orientational order imposed by the substrate chosen. Most importantly, photon energy- and
polarization-dependent effects are shown to be intimately linked with the orbital character of the
C60 band manifolds which allows for a more precise determination of the orbital character within
the HOMO-2. Our observations and analysis provide important considerations for the connection
between molecular and crystalline C60 electronic structure, past and future band structure stud-
ies, and for increasingly popular C60 electronic device applications, especially those making use of
heterostructures.
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Fullerene C60 has a unique buckyball molecular structure. In its crystalline form, it
exhibits a number of unconventional properties promising for modern electronic device ap-
plications including photovoltaics1, solar cells2,3, and field-effect devices4,5. Interests in C60
are broad, extending to other fields such as astrophysics, where signature of the formation
of C60 in the interstellar medium has been an active subject in recent years
6–8. Despite its
long history of study and plentiful list of promising applications, the dispersive C60 elec-
tronic valence band structure was unable to be observed experimentally until recently9 and
its complex photon energy- and polarization-dependent photoemission effects have yet to
be thoroughly investigated, especially in terms of the orbital character of crystalline C60’s
electronic states.
The electronic structure of a single molecule of C60 can be understood within a simple
model10 as distorted sp2 bonds (a consequence of the curved C60 surface) confined to the
shell of the molecule that couple each carbon atom to its three nearest neighbors, giving rise
to three occupied bonding σ-like orbitals and one occupied bonding pi-like orbitals normal
to the shell. In the form of a thin film (as studied here), these free C60 molecular discrete
levels (either σ or pi) become large band manifolds each holding a diverse orbital character
opportune for investigation.
In general, knowledge about the orbital character of electronic states in a crystalline
material has proven to be quite valuable as orbital character can dramatically affect photoe-
mission data (e.g. trigonal warping11,12), can provide information about the dimensionality
of electronic states (e.g. two- versus three-dimensional13), and may even be intimately con-
nected to the formation of scientifically-intriguing material phases (e.g. antiferromagnetic
and superconducting phases in Fe-based materials14,15). For C60, it has been shown that the
molecular bonding with metallic substrates is highly affected by the specific orbitals involved
in the interaction16 and the occupied states momentum density for solid C60 is also highly
dependent on the relevant orbital17. For the particular case of C60 thin films, we analyze
how the orbital character of its band manifolds is linked with strong photoemission effects,
which provides fundamental information about how crystalline C60 states relate back to the
corresponding molecular states.
Polarization- and photon energy-dependent photoemission studies provide a useful lens to
study the orbital character of electronic states10. Few works have studied the effects of linear-
and circular-light polarization on C60 photoemission
18,19 where limited angle and energy
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resolution have impeded a detailed characterization of the C60 band manifolds. In contrast,
there have been significant experimental and theoretical studies of the C60 band manifold
intensity oscillations with photon energy20–34. There is however no reported characterization
of the oscillations’ phase deviations within each band manifold, in particular for the HOMO-
2, which can provide information about the localization of pi and σ states within certain
energy (and momentum) ranges.
Here we report on the detailed photon energy and polarization dependence of the thin
film C60 band structure, finding signature of the different orbital characters in C60 valence
band manifolds. These observations are possible thanks to the locking of the C60 molecules
provided by the low temperature of our measurements (20 K) and the particular choice of
substrate, that, as we have shown in the past9, imposes a constraint on the orientation of the
C60 molecules. Our linear polarization analysis reveals expansive and specific polarization-
dependent intensity enhancements and patterns for the HOMO and HOMO-1 as a result
of strong matrix elements effects. Completely separate bands in the HOMO-2 are observed
for different linear polarizations. Additionally, we find a strong overall intensity effect for
each band manifold based on orbital character. Our circular polarization analysis provides a
significantly larger wealth of data, reinforces our observations of multiple bands within each
band manifold, and reveals a band splitting at the top of the HOMO not resolved with linear
polarizations. Finally, our photon-energy-dependent analysis of the C60 intensity oscillations
with kz determines the frequency and phase of the oscillations for the HOMO, HOMO-1,
and HOMO-2 across a wide range of energy and in-plane momenta in contrast to previous
studies that only looked at the overall band manifold or at a single momentum. Our results
importantly reveal precise details of the differing orbital character of each band manifold
especially within the HOMO-2.
High quality C60 thin film samples were grown in situ under ultra-high vacuum on a
bulk Bi2Se3 substrate as detailed elsewhere
9. High-resolution ARPES experiments were
performed at Beamline 4.0.3 (MERLIN) of the Advanced Light Source using 30–128 eV
linearly- or circularly-polarized photons in a vacuum better than 5× 10−11 Torr. The total-
energy resolution was 20 meV with an angular resolution (∆θ) of ≤ 0.2◦. Data were taken
at 20 K to assure the absence of spinning of the individual C60 molecules, known to rotate
and follow a ratcheting behavior above 50 K10.
Fig. 1 shows the linear-polarization-dependent band structure of thin film C60 through
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FIG. 1. (a) Geometry of the experimental setup indicating incoming light polarization, outgoing
photoelectrons, and Brillouin zone. High resolution constant energy maps of C60 (5 nm) on Bi2Se3
with cuts through the energies near the (b) HOMO top, (c) HOMO bottom, (d) HOMO-1 top,
and (e) HOMO-1 bottom. Upper and lower images are taken with out-of-plane light polarization
(⊥, blue) and in-plane light polarization (‖, red), respectively. The first Brillouin zone of C60
(Bi2Se3) is indicated by a thick black (gray) hexagon with the high-symmetry points labeled in
panel (b). Higher order Brillouin zones are indicated by dashed hexagons. (hν = 45 eV, T = 20 K).
ARPES constant energy maps. Panel (a) presents the experimental setup indicating sample
orientation, outgoing photoelectrons, and incoming photon beam. Two orthogonal linearly-
polarized beams are depicted: mostly out-of-plane light polarization (⊥, blue) and fully
in-plane light polarization (‖, red). We compare constant energy maps taken with these two
orthogonal linear light polarizations at energies near the top and bottom of the HOMO and
HOMO-1, as shown in panels (b–e). The rich effect of the linear light polarization observed
here contrasts with previous works on a C60 thin film
18 that simply report an angular
dependence of C60 photoelectron intensity where intensity is maximized when the angles
of the photoelectron and linear polarization vector are equal. We note a strong intensity
pattern following the first Brillouin zone boundary (thick black hexagon) for the top energy
of the HOMO with ⊥ polarized light (panel (b)), which is completely attenuated for ‖ light.
The ‖ data reveals the intensity spot corresponding to the band maximum at Γ which is
entirely obscured otherwise due to the intensity effect. Similarly, we observe an enhanced
intensity at Γ for the bottom of the HOMO (panel (c)), which is reduced in the ‖ case along
with the asterisk-shaped intensity pattern radiating along Γ−M into higher-order Brillouin
zones (dashed-line hexagons). The intensity at the Γ′ points in these higher-order Brillouin
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zones is relatively increased for the ‖ case and we recover a close resemblance between the
first and higher-order Brillouin zones.
Similar to the HOMO, the top energy of the HOMO-1 (panel (d)) has an enhanced
intensity along its first Brillouin zone boundary for the ⊥ polarization , albeit with a lesser
magnitude than in the HOMO case. Additionally, we observe large strong intensity patterns
outside of the first Brillouin zone marked here by dotted bright green hexagons. These
patterns again nearly completely disappear for the ‖ polarization. The bottom energy of
the HOMO-1 (panel (e)) exhibits a slightly enhanced intensity within the first Brillouin zone
and a large intensity pattern outside of it as well. Again, these effects are largely negated
when the polarization is switched to ‖.
Therefore, there are three important effects visible from Fig. 1: (1) strong intensity
enhancements and patterns that are different for the HOMO and HOMO-1, (2) a dependence
of the intensity enhancements and patterns on the light polarization (⊥ or ‖), and (3) a non-
equivalence of the patterns among different Brillouin zones. Being the physical structure of
the crystalline thin film periodic, one would expect corresponding periodicity and symmetry
in the ARPES data which is broken by the observed intensity effects. The symmetry breaking
observed here is however a well known effect for graphite and graphene. Graphite and
graphene, characterized by a triangular lattice with two atoms per unit cell, are subject
under photoemission experiments to a zone selection rule based on symmetry arguments. σ-
like and pi-like states in these systems appear with different intensity in otherwise equivalent
Brillouin zones. This effect has its origin in the interference between photoelectrons emerging
from the two atoms in each unit cell that follow different path lengths to the experiment’s
detector. At normal emission there is no difference in path lengths, while for higher-order
Brillouin zones (non-normal emission) there is a non-zero difference, creating a positive
and negative interference effect for the first Brillouin zone and higher-order Brillouin zones,
respectively. Given that the surface of our thin film C60 is arranged in a triangular lattice
similar to graphene and graphite, a question that arises is if Effect 3 mentioned above has
the same origin as the zone selection rule occurring in graphene/graphite35,36.
Elaboration on the possible cause of Effects 1 and 2 necessitates a discussion on the
predicted orbital character of the HOMO and HOMO-1. Two quantum numbers can be
used to label the molecular orbitals in C60: n and l. This labeling scheme was introduced
by Martins et al.37 who assumed that the screened electronic potential in C60 is localized on
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a hollow shell encompassing the buckyball. Motivated by the spherical shape of C60, this
model takes into account the angular behavior of the molecular orbitals. The angular number
l describes the angular pattern of the wavefunction nodes, while the principal quantum
number n equals the number of radial nodes plus one. The σ wavefunctions, which do
not have a radial nodal surface as they lie on the surface on the buckyball, correspond to
n = 1, while pi orbitals having one radial nodal surface (at the buckyball surface) correspond
to n = 2. (See Fig. 2(e).) Inspection of the radial functions of each molecular orbital in
C60 allows the labeling of the HOMO with pi5 (i.e. n = 2 and l = 5) and the HOMO-
1 with pi4 (i.e. n = 2 and l = 4). In other words, the HOMO and HOMO-1 are both
formed entirely from pi orbital character, but differ in angular number by one. Others have
confirmed these predictions finding that the pi orbitals for both the HOMO and HOMO-1
are localized to surfaces just outside and inside the icosahedral C60 shell
20,38,39 with a nodal
surface along the buckyball surface. The HOMO and HOMO-1 can be further distinguished
as the HOMO is formed by hu orbitals, while the HOMO-1 is formed by gg and hg orbitals.
Whereas these are all formed entirely by pi orbitals perpendicular to the surface at each
carbon atom, the hg orbital has the particular characteristic of being 25% in-plane as a
result of renormalization due to the curved buckyball surface16. We deduce that Effect 1,
the light-polarization-dependent intensity enhancements and patterns observed in Fig. 1,
are due to strong photoemission matrix elements effects (most evident in the ⊥ polarized
data) which manifest in different ways for the HOMO and HOMO-1 likely as a result of
their small orbital character differences described above.
In all cases we find these effects to be minimized for the ‖ polarization and we are able
to observe strong similarities between the HOMO and HOMO-1 dispersions as reported
previously9,40. For example, when considering the ‖ polarization maps, the top energy of
the HOMO and HOMO-1 (bottom of panels (b) and (d), respectively) both primarily show
intensity spots at Γ and M (and at equivalent locations in higher-order Brillouin zones)
indicating local band maxima at these momenta. The bottom energy of the HOMO and
HOMO-1 (bottom of panels (c) and (e), respectively) show similar patterns indicating local
band minima at Γ and M as well. The similarity in dispersion for the HOMO and HOMO-1
is most likely a result of their overall similar pi-orbital character.
Fig. 2 compares ARPES curvature41 in the energy dimension data along Γ − M from
each of the two orthogonal linear light polarizations. The enhanced first Brillouin zone
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FIG. 2. Polarization-dependent C60 band structure along Γ−M from ARPES curvature41 using (a)
out-of-plane light polarization (⊥, blue), (b) in-plane light polarization (‖, red), and (c) an image
of their difference. See insets for polarization geometry. (d) Integrated (across Γ′−M−Γ−M−Γ′)
EDCs for incident out-of-plane (blue) and in-plane (red) polarized light. Intensities were normalized
by incident photon flux. (e) Cross section diagram illustrating a C60 molecule (C atoms and
bonds are brown) with its theory-derived orbital character for each of the first three valence band
manifolds. pi-like states are localized within the ruby-colored surfaces that lie just outside and
inside the buckyball surface, while σ-like states are localized within the olive-colored surface that
lies along the buckyball surface.
intensity effects observed in the ⊥ constant energy maps of Fig. 1(b–e) manifest themselves
as stronger peaks and/or slight shifts of the dispersions shown in Fig. 2(a). For example, as
seen by comparing the HOMO in the ARPES curvature image with ⊥ polarization in panel
(a) to that with ‖ polarization in panel (b), the band maximum at Γ is diminished, while
the band minimum at Γ and the band maximum at M are enhanced for the ⊥ polarization
(see arrows). This is nicely summarized in panel (c) by comparing the difference of the
curvature from each polarization where we can see a red color (corresponding to stronger
curvature with the ‖ polarization) for the HOMO band maximum at Γ, and a blue color (⊥
is stronger) for the HOMO band minimum at Γ and band maximum at M. Similar to the
HOMO, the HOMO-1 (H-1) band maximum at Γ is also weakened for the ⊥ polarization
as shown by a strong red band maximum at Γ in the HOMO-1 in panel (c) (see arrows).
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Considering only the ‖ polarization for a moment, we see the same dispersions at both Γ
and Γ′ for the HOMO and HOMO-1 as one would have initially predicted when comparing
equivalent momenta. Just as observed in the constant energy maps, the matrix elements
intensity effects are minimized in this case, while for the ⊥ case we see clear differences
(analogous to those previously mentioned for Fig. 1) when comparing Γ and Γ′.
In addition to the HOMO and HOMO-1, we are able to resolve the next highest band
manifold, the HOMO-2 (H-2), as well. The polarization-dependent effects are even more
striking in the HOMO-2 as the two polarizations appear to reveal, in multiple instances,
completely separate bands. Starting from the top energy of the HOMO-2 for the ⊥ polar-
ization in Fig. 2(a), we find that the first two bands have a minimum at Γ and rise to a
maximum at Γ′. However, when the polarization is switched to ‖ as in panel (b), we find
that the top two observable bands now have a maximum at Γ and move down in energy to
a minimum at Γ′, opposite of the behavior observed for the ⊥ polarization. This can be ob-
served more clearly in panel (c) as the discussed bands flip colors (for a given energy) going
from Γ to Γ′ (see arrows where flip occurs). Evidently, the effect of the polarization depen-
dence on these top HOMO-2 bands is so strong that the two orthogonal polarizations reveal
completely separate bands in the photoemission data. The HOMO-2, unlike the HOMO
and HOMO-1, has majority contribution from σ-like bands which may be responsible for
the specific polarization-dependent bands pointed out here as we do not see such features in
the entirely pi-like HOMO and HOMO-1. A possible explanation for Effect 2, the differences
observed between ⊥ and ‖ polarizations for all of the band manifolds, may be related to
the highly two-dimensional nature of the C60 thin film as it is only ∼5 layers thick while it
simultaneously exhibits high lateral order. These characteristics differentiate the in-plane
and out-of-plane physical structure which may each couple differently with the in-plane and
out-of-plane light polarizations.
Fig. 2(d) shows a momentum-integrated energy distribution curve (EDC) comparison for
the ⊥ (blue) and ‖ (red) polarizations which are normalized by incident photon flux. The
overall intensity within the HOMO and HOMO-1 band manifolds for the ‖ polarization
is greatly reduced by 79% and 72%, respectively, as compared with the ⊥ polarization.
However, the HOMO-2 intensity is hardly diminished comparatively as it is reduced by only
24%. We believe this to be a consequence of the differing overall orbital character of the
HOMO and HOMO-1 compared with the HOMO-2. As previously discussed, the HOMO
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and HOMO-1 are of entirely pi orbital character. However, the HOMO-2 is a mixture of pi
(gu and t2u orbitals) and σ (hu and hg orbitals) states, with more than half of the HOMO-2
electrons being of a σ nature42,43. As shown in panel (e), the physical implications of this are
that the pi-like states are localized to a surface outside and inside the C60 shell with a nodal
surface along the buckyball surface (as is the case for the HOMO, HOMO-1, and partially
the HOMO-2), while the σ-like states are localized to a surface on the C60 shell (as is the
case mostly for the HOMO-2). In the HOMO, HOMO-1, and HOMO-2, the photoemission
signal is evidently minimized from the pi-like states for the case of ‖ incident light, while the
σ-like states are left mostly unattenuated.
A more in-depth explanation of the linear-polarization effect on overall band manifold
intensity may be found by considering the available experimental data and theory regarding
the photon energy and polarization-dependent partial cross sections of the band manifolds.
The partial differential cross sections have been calculated to be dσ/dΩ = (σtot/4pi)[1 +
βP2(cosφ)] considering electric dipole absorption with a single-electron model
44–46 (for total
cross section σtot, asymmetry parameter β, second order Legendre polynomial P2, and an-
gle between outgoing photoelectron and incoming polarization vector φ). The asymmetry
parameter β is dependent on the orbital character of each band manifold, particularly the
angular momentum quantum number l. It is also dependent on photon energy and for 45 eV,
it is found to be 0.95, 1.1, and 0.5 for the HOMO, HOMO-1, and HOMO-2, respectively30,31.
Given φ’s dependence on the polarization vector, when switching from ⊥ to ‖ the partial
cross section would decrease by approximately 66% and 71% for the HOMO and HOMO-1,
respectively, but only 42% for the HOMO-2. A decrease in partial cross section would lead
to a proportional decrease in observed intensity. Hence, the large decrease of the HOMO and
HOMO-1 partial cross sections and the smaller decrease of the HOMO-2 partial cross sec-
tion, while not an exact quantitative match, is consistent with our observations and likely
a contributing factor to the polarization-dependent overall band manifold intensity effect
observed in addition to the pi and σ orbital character effect previously discussed. In either
case, the differences in the band manifolds’ orbital character are the driving forces behind
this effect.
In order to fully explore the nature and orbital character details of C60’s valence bands,
we continued our polarization-dependence study by measuring the corresponding ARPES
circular dichroism (CD) along Γ −M spanning the range of two Brillouin zones, as shown
9
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FIG. 3. (a) Circular dichroism intensity difference (IR − IL) of C60 band structure along Γ −M
where orange (purple) indicates a stronger intensity from right-hand (left-hand) circularly polar-
ized incident light. (b) Geometry of the experimental setup indicating incoming right-hand (RC,
orange) or left-hand (LC, purple) circularly polarized light, outgoing photoelectrons, sample nor-
mal nˆ, and Brillouin zone. (c) Circular dichroism polarization ([IR − IL]/[IR + IL]) versus energy
near the top energy of the HOMO at the M points on either side of Γ (dashed lines in panel (a)).
in Fig. 3, by using left- and right-hand circularly polarized light. CD effects are known to
occur in all spatially oriented molecular thin films when using an experimental geometry
with a handedness47,48. This handedness is achieved in our experiment (panel (b)) when
the direction of the incoming left-hand (LC) or right-hand (RC) circularly polarized photon
beam, the sample normal nˆ, and the outgoing photoelectrons (e−) do not lie in the same
plane as is the case for all displayed momenta in panel (a) except at precisely Γ (coincident
with nˆ) where the circular dichroism effect disappears as a result of the loss of handedness.
The handedness combined with the symmetry of the C60 thin film is the cause of the change
in sign of the CD intensity when crossing Γ.
Using circularly-polarized light, we resolve similar dispersions as observed with linearly-
polarized light, particularly for the HOMO-1 where in Fig. 3(a) we see two main band
groupings near the top and bottom energies differentiated by opposing signs of circular
dichroism intensity (IR−IL) indicated by the orange (positive, IR > IL) and purple (negative,
IL > IR) colors. The HOMO has a similar structure, but the upper energy grouping is further
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split in two to reveal separate features that were previously combined for either of the linear
polarizations. It is only in our CD data that this more detailed structure is observed. As
for the HOMO-2, similar to that observed with linear polarizations, we resolve two weakly
dispersing features between -4.43 eV and -4.95 eV with similar CD polarizations which are
opposite in sign of the CD polarization of the bottom half (-4.95 eV to -5.8 eV) of the
HOMO-2. These HOMO-2 features will be discussed later on with regards to our photon-
energy-dependent observations. Overall, we see the same structure in our circular dichroism
on either side of Γ demonstrating a proper normalization of the incident photon flux and
promoting the validity of the circular dichroism features we observe.
A previous CD study on C60 thin films
19 found that, when compared with one another,
the HOMO and HOMO-1 showed the same sign and a similar magnitude of CD polarization
while the HOMO-2 showed an opposite sign of CD polarization. They concluded that the
opposing polarization of the HOMO-2 must originate from its (mostly) σ orbital character
based on the fact that opposing signs of CD were observed for σ and pi bands in graphite49.
This reasoning does not hold up to our more detailed analysis as we observe opposing signs
of CD within even just the HOMO (or HOMO-1), which has entirely pi orbital character
(as does the HOMO-1). Therefore, we cannot conclude the overall band manifold character
from the overall CD for each band manifold, but this does not preclude observing more
precise orbital character effects from the bands within each band manifold.
We more closely examine the polarization change across the upper HOMO splitting at
the M point on either side of Γ in Fig. 3(c). The curves with filled and open circles cor-
respond to the polarization at M on the right and left side of Γ, respectively. The CD
signal is nearly perfectly inverted on either side of Γ, as expected. We see substantial CD
polarization in this split feature as the polarization of the upper feature reaches a magnitude
of approximately 0.10, while the lower feature reaches a magnitude of approximately 0.08
(with opposite sign). The strong CD polarization observed here is likely favored by the
highly ordered C60 thin film, a result of epitaxial growth on and interaction with Bi2Se3
as detailed elsewhere9. Similarly, previous reports on molecular thin films47 have observed
a decreased CD polarization with increasing disorder. We note that the strength of CD
polarization may also depend on the angle of incidence of the incoming light (angle shown
in panel (b)). For example, a sine factor based on the angle of incoming light is added to
the CD polarization in the case of a simple pz orbital
48,50. C60, however, does not have such
11
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FIG. 4. (a) High-resolution ARPES band structure of C60 along Γ−M at 45 eV. (b) Integrated
ARPES intensity across the momentum range in panel (a) for 30–128 eV showing intensity oscil-
lations with respect to kz in the HOMO, HOMO-1, and HOMO-2. (c) Extracted relative phase
of the oscillations for each in-plane momentum (ky) and energy shown (note the separate color
scale limits for each band manifold to the right of the panel). (d) Deviation of phase (momentum-
integrated across full ky window) from mean phase for each band manifold. Mean phase for each
band manifold shown to the right (including subdivided energy ranges within the HOMO-2). All
listed phase values are with regards to the range {−pi, pi}.
simply-oriented orbitals (e.g. a pz orbital) given its unique buckyball shape so is unlikely
to have such a strong dependence on the angle of incoming light, but there may be some
geometric effect given its two-dimensional thin film nature as opposed to that of a fully
three-dimensional bulk sample.
In Fig. 4, we present our findings on the strong oscillations of the band manifolds’ intensity
with photon energy (and hence kz). Similar oscillations have been reported in previous works
on C60 bulk crystals
25,45 and thin films26,33,51 (See Supp. Mat. Fig. S2 for a comparison
with our data). High resolution data was taken for the HOMO, HOMO-1, and HOMO-2
bands along Γ −M spanning a range of two Brillouin zones across a photon energy range
of 30–128 eV (step size of 2 eV) with ⊥-polarized photons. We have found that the light
polarization has no important effect on the intensity oscillations besides a larger peak of
12
intensity at around 45eV for ⊥-polarized light (See Fig. S1 Supp. Mat.). In Fig. 4(a)
we present data at 45 eV incident photon energy across the range of binding energy and
in-plane momenta (ky) considered in our oscillation analysis. Strong oscillations of the band
manifolds’ intensity with kz can be observed in Fig. 4(b) where intensities were obtained by
momentum-integrating across the ky range in panel (a). In the past, these oscillations were
thought to be related to strong final state effects25, but were later identified as a signature
of interference of photoelectron waves emanating from each of the constituent C60 carbon
atoms, where each wave has a different phase. The unique spherical structure of C60 and its
large radius play a critical role in this effect20,21,33,51.
To further investigate the observed kz-dependent oscillations and their link to the orbital
character of the different band manifolds, we performed Fourier analysis using a Fast Fourier
Transform (FFT) algorithm (see Supplemental Material). This analysis was used to separate
the intensity oscillation (with respect to kz) curves into different frequency components. We
were able to determine the dominant frequency of the oscillation and its corresponding
phase. The dominant frequency (as shown in the Supplemental Material) of the oscillations
is nearly identical in each band manifold (≈7.5 A˚), which is very close to the molecule’s
structural diameter of 7.1 A˚20,52,53, as expected. In contrast, the phase of the oscillations, as
shown in Figure 4(c) and (d), is quite different for each band manifold (see individual color
scale limits in the range {−pi, pi} to the right of panel (c)). This phase dissimilarity has its
origin in an interference effect, and has been explained in the past29,51 after calculations of
the differential photoionization cross section that approximate the molecular orbital initial
state to spherical Bessel functions jl(kR) that depend on the radius of the molecule R,
the photon-energy-dependent electron momentum k, and the angular quantum number l,
that together with the principal quantum number n, label the molecular orbitals in C60 as
previously described.
The angular quantum number for the initial pi HOMO, HOMO-1, and HOMO-2 states
can be identified as l = 5, l = 4, and l = 3, respectively37, and the final states are determined
by the dipole selection rules, e.g. li ⇒ lf = li ± 1. Mathematically, the spherical Bessel
functions jl look like damped sinusoids with an approximate phase difference of pi radians
between l and l+1, which leads to an antiphase relation between the HOMO and HOMO-1.
As can be seen in Fig. 4(b), this antiphase relation (between the HOMO-1 and HOMO or
HOMO-2) is close to being realized, but not exact. In fact, following the work of Xu et al.23,
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a more quantitative study by Hasegawa et al.29 introduced a modified asymptotic form for
the Bessel functions with a correction factor αli describing the initial and final states. In
Hasegawa’s work, the photoionization cross section is proportional to cos2
(
kr + αli − li2pi
)
with li = 5 and α5 = 1.4 for the HOMO and li = 4 and α4 = 1.0 for the HOMO-1. We fit
Hasegawa’s model to our data (see Supp. Mat.) finding values of α4 = 1.5 and α5 = 1.7.
More importantly, we find an approximate phase difference between the two band manifolds
of 2.50 rad which is very close to the phase difference found through our Fourier analysis of
the raw data, 2.44 rad as is illustrated in Fig. 4(d).
The results from the FFT phase analysis of our data (Fig. 4(c)) show that while the
phase across the HOMO and HOMO-1 band manifolds is nearly constant with energy, it
varies substantially across the energy range of the HOMO-2. This is shown in closer detail
in Fig. 4(d) where we plot the ky-integrated (over the full window shown) phase for each
band manifold. (For a similar plot see Fig. S5 Supp. Mat.). In order to more easily compare
phase deviations from the mean within each band manifold, the zero is set to its mean phase
for each band manifold (i.e. 3.03 rad, -0.82 rad, and 1.55 rad in the range {−pi, pi} for the
HOMO, HOMO-1, and HOMO-2, respectively) as shown to the right of Fig. 4(d). The
range of phase deviation within the HOMO-2 is clearly much larger than for the HOMO
and HOMO-1. At Γ, the HOMO-2 phase (depending on energy) spans a range of 1.24 rad,
while the equivalent values for the HOMO and HOMO-1 are only 0.14 rad and 0.22 rad,
respectively. As shown to the right of panel (d), the top energies of the HOMO-2 (-4 eV
to -4.43 eV) have a mean phase of 0.87 rad, the middle energies (-4.43 eV to -4.95 eV)
have 1.40 rad, and the bottom energies (-4.95 eV to -5.8 eV) have 1.86 rad. The significant
difference in phase across these energy ranges suggest a difference in orbital character of
the states present within each of these energy ranges. This suggestion is strengthened by
our previously discussed polarization-dependent observations for the middle and bottom
energy ranges in HOMO-2. The middle energy hosts the weakly-dispersive bands with
opposite dispersions using ⊥ or ‖ light polarization (Fig. 2(c)), while the bottom energy
has weaker bands that do not exhibit a clear linear-polarization-dependent effect. As for
the circular dichroism studies, we see a clear flipping of the CD polarization between the
middle (polarization of 0.10) and bottom (opposite pol. of 0.04) energy ranges (Fig. 3(a)).
These combined observations from our linear-polarization dependence, CD measurements,
and photon-energy dependence strongly suggest a differing in orbital character of the bands
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within these energy ranges. The HOMO-2 is composed of pi3, σ8, and σ9 states
24,37 (or
possibly pi3, σ9, and σ10
28). In other words, the pi3, σ8, and σ9 bands are not spread evenly
across the energy range, but instead are more strongly localized within certain energy ranges.
Theory calculations support a localization in energy between the pi and σ states, but are
not definitive to their relative ordering in energy as certain models calculate the σ states
to lie at the top HOMO-2 energies54, while others calculate the σ states to lie near the
bottom energies51, and others still show them nestled in the middle energies between the pi
states37,42.
Overall, the unusual phase deviations in the HOMO-2 are a result of the mixed orbital
character of this band manifold. The continuous phase shift across the HOMO-2 might
hide interesting phenomena that go beyond the discrete integer l = 5, 4, 3 dependence (of
the pi states) of the spherical Bessel functions that is associated to the simple interference
models introduced before23,29. Wang et al.26 suggested that the HOMO-2 oscillations are
almost entirely due to the pi states as they predict the σ states will only affect the overall
background due to deconstructive interference. Toffoli et al.27 similarly predicted the σ
states to only contribute to a smooth background and not exhibit clear oscillations. The
broader picture presented here, granted by our study of the linearly- and circularly-polarized-
light dependence as well as photon-energy dependence, allow us to conclude that while the
observations for the HOMO-2 are consistent with what is expected from the pi states, the
σ states also have a significant effect, in contrast to our HOMO and HOMO-1 observations
(which have no σ states). Further theoretical studies may provide further insight on the
oscillations of the HOMO-2 band manifold intensity with photon energy.
One consequence of the observed strong effects of the particular photon energy and polar-
ization on a molecular solid such as C60 (where molecules have multiple degrees of freedom)
is the proof of the absence of spinning of the molecules at low temperatures (20 K) and, most
importantly, the constraint on the orientation of the C60 molecules imposed by the substrate
used (Bi2Se3), that as we have reported in the past
9 reduces the orientational disorder of a
C60 thin film. A similar study using varied photon energy and polarization can be applied to
other molecular solids, providing a probe for the orbital character across individual valence
band clusters. Additionally, by studying the effects of photon energy and polarization on
the photoemission at different temperatures, new structural phase transitions characterized
by a certain molecular orientation in a variety of molecular solids may be revealed.
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In conclusion, we have shown that incident light polarization and energy have strong,
unique, and sometimes unexpected effects on C60 photoemission which give us a precise
view into the orbital character of the C60 valence band structure. Concealed bands and
band splittings are now visible offering a previously unseen view of the complex band struc-
ture within each band manifold. Previous and future studies must be made aware of the
strong intensity effects that can affect the apparent dispersions observed and band locations
extracted. We have expanded upon the photon-energy-dependent C60 literature finding that
a model based on kz rather than photon energy fits the oscillations very well while show-
ing that the band orbital character is intimately coupled with the oscillation phase which
has allowed for a more precise determination of the energy and momentum locations of the
separate C60 orbital characters (especially for the HOMO-2). These orbital character de-
terminations provide us fundamental information about the relationship between molecular
and crystalline electronic states in C60.
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